We report here how the hydration of complex surfaces can be efficiently studied thanks to recent advances in classical molecular density functional theory. This is illustrated on the example of the pyrophylite clay. After presenting the most recent advances, we show that the strength of this implicit method is that (i ) it is in quantitative or semi-quantitative agreement with reference all-atoms simulations (molecular dynamics here) for both the solvation structure and energetics, and that (ii ) the computational cost is two to three orders of magnitude less than in explicit methods. The method remains imperfect, in that it locally overestimates the polarization of water close to hydrophylic sites of the clay. The high numerical efficiency of the method is illustrated and exploited to carry a systematic study of the electrostatic and van der Waals components of the surface-solvant interactions within the most popular force field for clays, CLAYFF. Hydration structure and energetics are found to weakly depend upon the electrostatics. We conclude on the consequences of such findings in future force-field development.
Introduction
Pierre Turq, in his recent conference "Histoire d'Eau", at Université Pierre et Marie Curie, Paris, highlighted the immense challenge that represents These last forty years, liquid state theories [17] have blossomed, classical DFT (DFT) [18, 19, 20] , integral equations, classical field theories, all have shown to be able to give solvation properties in at least qualitative agreement with reference MD or MC simulations. Nevertheless, they remained toy theories for a long time, i.e., applied only to problems of high symmetry like hard and soft walls. A current challenge lies in the development of a threedimensional liquid state theory (and its implementation) for complex liquids to describe molecular liquids, solutions, mixtures, in complex environments such as biomolecular media or atomistically resolved surfaces and interfaces. Recent developments in this direction have been done within lattice field theory [21, 22] , Gaussian field theory [23] , three-dimensional reference interaction site model (3D-RISM) [24, 25, 26, 27, 28, 29] . This last integral equation theory has proved to be useful to a large panel of applications like structure prediction in complex biomolecular systems, but remains difficult to control and improve because of the choice of a closure relation, typically restricted to Hypernetted chain (HNC), Percus-Yevick [30] , or Kovalenko-Hirata [28] .
Molecular density functional theory (MDFT) has recently been shown to be a powerful new tool to study the solvation of complex surfaces and interfaces by a polar solvent, at a fully molecular level of description [31, 32, 33, 34, 35, 36, 37, 38] . In the case of the generic model of dipolar solvent, i.e., the Stockmayer fluid (eventually parameterized to mimic a few properties of water), it was shown to recover quantitatively the structural solvation properties of a complex atomically resolved clay surface, the pyrophyllite, that contains over a thousand atoms [39] . It is the objective of this article to test the most recent developments of MDFT for one of the most important but challenging fluid, namely water, in the typical complex case of the pyrophyllite clay.
In Sec. 2, we present the theoretical and numerical recent developments of MDFT for water. We also briefly introduce our molecular dynamics simulations, that will be used as a reference. In Sec. 3, we apply the method to the solvation of a pyrophyllite clay sheet by water. We investigate both structural and energetic aspects of this hydration. Finally, in Sec. 4 , we conclude and give perspectives to the method to overcome actual limitations.
Theory and Methods

Theory
Molecular density functional theory relies on the definition of a free-energy functional of the six-dimensional position and orientation molecular oneparticle density, ρ (r, Ω), where Ω accounts for the 3 Euler angles. This functional remains unknown and various approximations have been proposed. In the homogeneous reference fluid approximation (HRF), the functional is built from the properties of the bulk solvent. This approach gives accurate results for polar, aprotic fluids [34, 35, 36] . For its part, water requires special attention [38, 37, 40] . We recall here some of the development made to treat water; note that they are also adapted to any solvent with only one LennardJones site. Until now, only simple three-dimensional solutes have been tested in this MDFT framework. Let us define several microscopic densities: the position and orientation density of solvent molecules, ρ (r, Ω), the position density, n (r), the charge density, ρ c (r), and the multipolar polarization density field, P (r):
where . . . indicates an ensemble average and dΩ an angular integration over the three Euler angles. The molecular charge density, σ (r, Ω), and the molecular polarization density field of a water molecule at the origin, µ (r, Ω), are:
where s m (Ω) is the position of the m th (between 1 and 3) atomic site of the water molecule with orientation Ω. The molecular charge density and polarization density field are linked by the relation σ = −∇ · µ. At first order, the multipolar polarization density field reduces to a molecular dipole located at the origin.
For its part, the solute is described by sites, i, located at R i , with Lennard-Jones parameters i and σ i , and point charges q i . The force field associated of the solute is given in Tab. 2. We use the Lorentz-Berthelot mixing rules to determine σ ij and ij . The solute produces a scalar external potential, φ n , and an electric field, E c :
where 0 is the vacuum permitivity. We can extend the original derivation by Evans [18, 19] of the molecular density functional theory to define the solvation free energy functional, F, depending of position density and the polarization density. F is expressed as the difference in grand potential, Θ−Θ b , of the system composed of the solute plus the solvent at a given chemical potential, and of the sole homogeneous reference water fluid at bulk density, ρ b :
where the intrinsic Helmholtz free energy functional, F int [n (r) , P (r)], can be decomposed into the sum of an ideal part and an excess part, F = F id +F exc . 
where β ≡ (k B T ) −1 , k B is the Boltzmann constant, and T the absolute temperature. On its side, the exact excess term is unknown. Finding a good term for F exc is a current challenge. We proposed recently to expand it around the homogeneous liquid state at the same density, ρ b , where we use as sole input the experimental or calculated structure factor, S, and the experimental longitudinal and transverse electric susceptibilities, χ L and χ T , expressed in Fourier space. The reader is referred to Ref. [37] for the complete expression of the excess term of the Helmholtz free energy functional.
System Description
Pyrophyllite is a neutral clay of space group 2/m, monoclinic, cleaved along orientation {100}. It is a stacking of 9 atomic layers. The top layer is composed of oxygen (O), just below which are silicon (Si) atoms. Both O and Si each form a two-dimensional honeycomb structure. Aluminum (Al) atoms compose the central layer, in 2 thirds of octahedral sites. Between the central layer and the O and Si layers lies an oxygen-hydrogen (O-H) layer. Their, O atoms are at the center of the hexagons formed by Si and top O, with the O-H bond pointing toward the empty octahedral site. Top and side views of pyrophyllite sheets are given in Fig. 1 , and coordinates of the atomic layers along the axis perpendicular to the sheet, z, are given in Tab. 1. We have chosen the central layer as z = 0.
Numerical Aspects
In both MD and MDFT simulations, atoms of the surface interact with the solvent, water, through optimized Lennard-Jones (van der Waals) and point charges from the force field for clays called CLAYFF [41] . It is a general purpose force field for simulations involving multicomponent minerals, and their interfaces with a solvent. The CLAYFF force field for pyrophyllite is described in Tab. 2.
MDFT
The density that minimizes the Helmholtz free energy functional, F, defined in Eqs. 11 to 12 is the equilibrium density in the presence of the external potential. In order to find this minimum numerically, we discretize the molecular density, ρ (r, Ω), onto a space and an angular grid. The tridimensional position grid is orthorhombic and has typically 3 to 4 points per A. The angular grid is of Lebedev type for the two Euler angles describing the spherical orientation of the molecular main axis (C 2 for water). It is a regular, Gauss-Legendre quadrature, for the third Euler angle describing the molecular rotation around this main axis. Large numbers of fast Fourier transformed are used to handle convolutions, and this critical part of the algorithms is executed by the Fastest Fourier Transform in the West 3 library (FFTW3). As an optimizer, we use the Limited-Memory Broyden-FletcherGoldfarb-Shanno (L-BFGS) quasi-Newton method, as implemented by Byrd, Lu, Nocedal and Zhu [42, 43] . Its main advantage is to only require F and its first functional derivative with respect to the density field. The second order derivatives, often needed in Newton-type algorithms, is here approximated Table 2 : Force field used to model the pyrophyllite and the water solvent. Pyrophyllite parameters are extracted from the CLAYFF force field.
with the first derivatives of past iterations. This is a critical advantage for our minimization process. The external potential, φ n (r), and the electric field E (r) are computed only once, in the earliest steps of the simulation, before the optimization. We use safe cut-offs of 4 σ i for the Lennard-Jones interactions. The electric field is computed by first extrapolating the solute charge density on the grids and then solving the resulting Poisson equation in Fourier space.
In this work, we typically used 64 position nodes perÅ 3 and ≈ 30 Euler angles per node, for a total of almost 2000 variables to be optimized per A 3 by L-BFGS. The convergence is reached in approximately 15 iterations, for a convergence criteria of 10 −5 , as illustrated in Fig. 2 . The whole minimization process lasts approximately 25 min on an ordinary laptop, without parallelism. This is three order of magnitude faster than reference molecular dynamics.
Molecular Dynamics
The simulation box contains 1280 clay atoms, for a dimension L 3 . The distance between the surfaces, L z , is chosen as the smallest distance for which water at z = L z /2 does not feel the presence of the surfaces, i.e., is in bulk conditions, in particular the density is the bulk density. When simulated by all-atoms molecular dynamics, 1600 water molecules are necessary to fill the pore at 300 K. Because periodic boundary conditions are applied, the physical system being simulated by MD and MDFT is an infinite stacking of infinite sheets of pyrophyllite separated by distance L z . The local water density, n (r), is calculated as the time averaged density in an elementary volume of 0.1 3Å3 . The densities in the planes perpendicular to the clay sheet are averaged in the z planes in an elementary volume of
where L x and L y are the length of the supercell in the x and y directions. The spatial densities of the average dipoles were calculated in the same way.
Results
MDFT calculations are two to three orders of magnitude faster than molecular dynamics. We first compare the predictions of the molecular density functional theory for the solvent density with our reference all-atom simulations that give exact results. Then, energetics are discussed. We finally analyze the role of electrostatic interactions exerted by the surface on the solvent on these structural and energetic properties.
Density Profiles
The first observable to be computed in a slit pore like the interface of interest here is the averaged number density profile in the direction z perpendicular to the clay sheet:
where the pyrophyllite sheet is parallel to plane (x, y), and the system has size L x × L y × L z . Both MD and MDFT density profiles are given in Fig. 3 . Importantly, there is a quantitative agreement between the profiles calculated with MDFT and the reference profile.
Three peaks are observed, followed by an homogeneous bulk number density, n(r)/n b = 1. The first peak is broad and high. It is found at z = 6.3Å, with n z = 2.2. This peak shows a small shoulder at z ≈ 5.7Å. This shoulder should be reminded later in this work. The first peak corresponds to the first solvation layer of the clay. The second solvation sheet is of relatively small height (n z ≈ 1.2). It is found 2.9Å farther from the clay. A notably depleted zone is found in between the water layers we have just described. An echo of the second water layer is found at z = 13.0Å. Its height is almost negligible, 1.03, and would remain unseen without the also almost negligible depletion the precedes it. At higher z coordinates, the solvent is homogeneous, i.e., is at bulk density n b ≈ 0.033 molecule perÅ 3 . All these structural properties are captured by both molecular dynamics and molecular density functional theory, in quantative agreement, and with the same level of detail. Nevertheless, by averaging the density n (r) in the (x, y) plane, one does not figure out the real local water structure on top of the surface.
It is worth emphasizing here that extracting local information from MD and MC simulations is time-consuming. Indeed, because of the intrinsic nature of these phase space sampling methods, one cannot compute exactly a local quantity like n (r), but rather its convolution by some elementary volume. This means that one effectively measures n z (z) * ∆z or n (r) * ∆V , where ∆z and ∆V are elementary dimensions chosen arbitrarily and * denotes the convolution, not n z (z) or n (r). If the convolution kernels ∆z and ∆V are too small, the time needed to extract with good statistics the maps shown below, for instance, is increased to a critical point. This problem is not relevant in DFT calculations, because it is not a method relying on sampling. Indeed, and for the best here, the natural variable in MDFT is the local one-particle density, n (r). As an illustration, and in order to get insight to the three dimensional solvation structure of water on top of the clay, we use MDFT. In Fig. 4 , we show the tridimensional contour plots of the isosurface of high number densities n (r) = 2 and 4. The highest densities are found on top of the center of the hexagon, and of oxygen atoms of the top-layer (this region is responsible of the prepreak in Fig. 3 ). Then, a zone of high density forms on top of the hexagone (theses regions are responsible of the main peak in Fig. 3 ).
Once again, in order to compare MDFT and reference results more locally, we plot in Fig. 5 , the normalized density maps in the planes defined by z = 5.7, 6.4 and 9.2Å corresponding to planes of the shoulder, the main and secondary peaks in the density profile of Fig. 3 . In the shoulder, the high density zone is strongly localized in the center of the hexagons, really close to the hydrophobic surface. At such close distance from the clay, water is repelled from everywhere but from this tiny zone. Such localization induces that during the averaging leading to Fig. 3 , only a shoulder is found. MDFT underestimate the density there, but overestimates the width.
In the first solvation layer, i.e., seen as the main peak of the density profile, water molecules are found on top of the Si atoms. There are 2.99Å in Figure 4 : Isosurfaces of density n (r) = 2 (in blue) and 4 (in black). The honeycomb unit cell is represented for clarity, with oxygen and silicium atoms in red and white, respectively. between water molecules. This property is found in both MD and MDFT. One can easily see, and we checked it carefully, that convoluting the MDFT map by kernel ∆V of length 1.0 gives back smoothed maps close to the MD maps.
The second solvation layer, i.e., the secondary peak of the density profile, shows high density zones on top of the oxygens and depleted zones on top of Si atoms. There, the variations in number density are not as important as in the previous peaks, but steel between 0.5 and 1.75.
From Fig. 5 it is clear that, despite some disparities, the agreement on density prediction between MD and MDFT is really good. Given its numerical efficiency with respect to MD, MDFT seems to be a method of choice to address this problem.
Orientational properties
We now turn to the orientational properties of the water molecules that solvate the pyrophyllite surface. In molecular dynamics and Monte Carlo simulations, it is worth emphasizing that orientational properties are difficult to extract, for the same reason as local properties. They are indeed even more local in the phase space. The numerical issue of sufficient sampling of the phase space is recurrent in numerous simulation techniques where orientational degrees of freedom (from electronic spins to molecular orientations) induces new and rich behaviors [44, 45, 46] . For its part, the density Figure 5 : Maps of the normalized number density n (r) /n b of water in the planes of the prepeak (left), main peak (center) and secondary peak (right), as calculated by molecular dynamics (top) and molecular density functional theory for water (bottom). functional theory framework and our MDFT implementation give a direct access to this quantity through the full orientational density ρ (r, Ω) defined in Eq. 1. It is even easier to represent orientational observables thanks to the separation of ρ into the molecular density field, n (r), and the polarization density field, P (r), defined in Eq. 2 and 5: They are the natural variables and outputs of MDFT. In Fig. 6 , we report the projections of P on the z axis, noted P z , averaged in each plane z, as a function of z both computed by MD and MDFT. The projections on the x and y axes have also been computed and found negligible (the maximum values of P x and P y are of the order of 10 −3 in the same units). The polarization density is found to be aligned in the direction perpendicular to the clay sheet, both in MD and MDFT.
Maxima in the polarization density correspond to maxima in the water density. A first positive peak in P z is found at the location of the shoulder in n z . Another negative extremum corresponds to the main peak in the density profile. The first polarization extremum is smoother and larger than the second one. Between each maximum, the sign of P z changes. The intensity of the macroscopic polarization is linked to the density of molecules and to their orientation in the region of the space considered. Note that since the z axis is always oriented in the direction leaving the surface, a positive P z means that the dipole of the water molecule, pointing from the oxygen atom to the center of mass of the hydrogen atoms, points outward the surface, i.e., that it is the oxygen atom that is the closest to the surface. We can now see that in the first density zone, i.e., the shoulder, the oxygen atoms of the water molecules are globally the closest to the surface.
Water molecules on top of Si atoms, (in the main peak), point toward the surface, i.e., hydrogens are globally the closest to the surface. The secondary peak is almost not polarized, there are no preferential orientation of the water molecules in this high density region.
These informations about P z highlighted the layer-by-layer structuration of the water molecules, but is not enough to conclude on the importance of orientation. Indeed, a strong polarization can be due either to a small amount of molecule that are highly oriented or to a large number of water molecules, each having some small preference for a given or several orientations.
To answer this question, we define an orientational order parameters, the local molecular orientation, cos Θ µ (r):
The average of the local molecular orientation in the plane z, cos Θ µ (z) ≡ cos Θ µ (r) xy , is plotted in Fig. 7 . It shows that in the shoulder, that corresponds to this highly dense zone at the center of the hexagons close to the surface, the water molecules are completely oriented. We also showed that this zone have a positive P z , which means that water molecules has hydrogen atoms pointing outward the surface. In fact, the oxygen atom of the water molecule is as close as possible of the positively charged silicium atoms of the pyrophyllite, which are just under O atoms of the pyrophyllite. On the opposite the water molecules of the first solvation layer are globally oriented to make the hydrogen atoms point toward the surface, but this preferential orientation is very limited as the value of cos Θ µ is very weak at the distance corresponding to the first max- imum of the density. The second solvation layer is then stacked, translated on top of this first layer and with almost no preferential orientation. MDFT thus allows to fully uncover the fine structural solvation properties of pyrophyllite by water.
Energetics
As shown in Eq. 11, the solvation free energy F is decomposed into physicallygrounded components: (i) the so-called ideal part, that accounts for the configurational entropy, (ii) the external part, that accounts for the direct solute-solvent interactions, and (iii) the excess part, that accounts for the solvent-solvent correlations, that may be split into a radial and a polarization component. During the minimization process, we can monitor their relative importance. The equilibrium solvation free energy per surface unit of pyrophyllite, γ solv , is given in Table 3 . It is 332.4 mJ/m 2 , a positive value that reflects the known hydrophobic nature of pyrophyllite.
The main contribution to the solvation free energy comes from the radial solvent-solvent interactions, i.e., from the radial part of the excess contribution. The ideal part is also of great importance. Notably, the external and polarization parts do not account much in γ solv . This must not be understood as a demonstration that polarization and external potentials do not play a critical contribution to the solvation process. Indeed, if one thinks about a hard wall solvated by an ideal gas: the positive infinite external potential inside the wall is the sole cause that induces the zero density inside the wall. Then at equilibrium, the external part of the functional, F ext , is zero, since the density is by nature minimizing its contribution. Even if F ext = 0, it is only the external potential that causes the depletion. These energetical contributions should be understood as a sign that water is clearly non-ideal, and that the external potential is strongly repulsive.
The Role of Electrostatics
In a previous paper, we tested the role of the electrostatic interactions between the point charges distributed among atomic sites in the clay within the CLAYFF force field and the solvent molecules. The solvent and density functional used in this previous paper were much simpler: for the solvent, we used the Stockmayer fluid, that is built on a single van der Waals site, modelled by a Lennard-Jones potential, and two charges separated by a distance that result in the same dipole as water. For the functional, we limited ourselves to a rudimental dipolar level. Here, we have a full multipolar description of SPC/E water molecules that can rotate around their C 2 axis. Thanks to the computational efficiency of our MDFT, we were able to systematically study the effect of scaling the CLAYFF point charges from their original values to 0. With a much more realistic picture of water as a solvent, we now do this same numerical experiment.
The evolution of the hydration free energy with the scale factor is given in Fig. 8 . The evolution of the various components of the solvation free energy is also given. The solvation free energy does not change by more than 3 % when the solute charges are turned off. Furthermore, the density profiles are not modified by this process, to a point where plots of n z (z) with and without solute charges are indistinguishable.
When the charges are turned off, the total, radial excess and ideal part are almost not changing. The external contribution, on its side, has strong relative changes, but stays small in absolute value. We have confirmation here that the polarization part is not important for this system, since turning solute charges off does not change neither the total solvation free energy, nor the solvation structure. Note that for clay minerals bearing a net total charge (which are in fact more common than electrically neutral ones such as pyrophyllite considered here) with their compensating counter-ions, the effect of polarization should be much more important.
Conclusion
We have shown that the most recent developments of molecular density functional theory for water allow to study hydration of a complex surface, the pyrophyllite clay here, that has more than a thousand atoms. Structural and orientational hydration properties are quantitatively comparable to reference all-atoms simulations, while decreasing the numerical cost by two to three orders of magnitude. The efficiency of the MDFT is illustrated by extracting fine local structural information that necessitates several hundred hours of CPU-time with MD, for only half an hour with MDFT. This is due to the intrinsic nature of MDFT, that relies on the local number and polarization densities as natural variables. We were able to investigate how water solvates the pyrophyllite clay, with (i) a single water molecule on top of the hexagone formed by silicium and oxygen atoms, as close as possible of the plane carrying Si. This single H 2 O is strongly oriented with hydrogen pointing outward from the surface; (ii ) then, water molecules form a layer on top of Si atoms and are globally oriented to make their hydrogen atoms slightly point toward the surface.
The numerical efficiency of our MDFT approach made it possible to realize a systematic study to analyze the relative contributions of electrostatic and van der Waals interactions, by slowly turning off the charges carried out by the surface. We showed that the density profiles and solvation free energy are not sensitive to the charges of the clay. This may imply that the role of electrostatics in charged clays may be reasonably reduced to their charged defects. This means that the large amount of work dedicated to force field fitting in this field may perhaps be reduced by a focus on important contributions. Such work would rely on a systematic parameters study for which MDFT seems a highly promising tool. This should be done in a future work.
